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Fibers Projecting to the Nodulus and
Flocculus of the Rat Cerebellum
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ABSTRACT

Collateralization of mossy and climbing fibers was investigated using cortical injections
of cholera toxin b-subunit in the rat vestibulocerebellum. Injections were characterized by
their retrograde labeling within the inferior olive. Collateral labeling was plotted using
color-coded density profiles of the whole cerebellar cortex. Injections in the medial part of the
nodulus resulted in olivary labeling that was restricted to the rostral part of the dorsal cap.
Climbing fiber collaterals were found in medial and lateral nodular zones as well as in the
ventral paraflocculus and adjacent flocculus. Injections in the intermediate part of the
nodulus resulted in olivary labeling of the B-subnucleus but could also involve the ventro-
lateral outgrowth. In the latter case, climbing fiber collaterals were found in the two floccular
zones and in a small region in the lateral-most part of crus I. All nodular injections showed
a bilaterally symmetric distribution of collateral mossy fiber rosettes that was mostly con-
fined to the vestibulocerebellum and originated predominantly from the vestibular nuclei.
Injections in the flocculus labeled the caudal part of the dorsal cap and/or the ventrolateral
outgrowth. Mossy fiber rosettes were observed throughout the vestibulocerebellum but also
included other regions of the cerebellar cortex in a bilaterally symmetric pattern correspond-
ing with a more widespread precerebellar origin. Climbing fibers originating in the rostral
dorsal cap, labeled from an injection in the ventral paraflocculus, collateralize to a medial and
lateral zone in the nodulus. Climbing fiber collaterals were usually accompanied by subjacent
labeling of mossy fiber rosettes. These results demonstrate that some nodular and floccular
zones are related and, at least partially, share a common input. J. Comp. Neurol. 466:
278-298, 2003. © 2003 Wiley-Liss, Inc.
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The two main afferent systems to the cerebellum, i.e.,
the mossy fiber and the climbing fiber systems, have very
different morphologic and anatomic characteristics.
Mossy fibers originate from a multitude of areas in the
brainstem and spinal cord and terminate within the gran-
ule cell layer, whereas the climbing fibers are all derived
from the inferior olive and terminate within the molecular
layer where they innervate the Purkinje cell dendrites (for
review, see Ruigrok and Cella, 1995; Voogd, 1995). The
organization of the olivocortical projection is further char-
acterized by a strict longitudinal patterning such that the
neurons from a particular region in the inferior olive ter-
minate on Purkinje cells that are arranged in a narrow,
longitudinally arranged, strip (Groenewegen et al., 1979;
Voogd and Glickstein, 1998). Since the output of these
strips of Purkinje cells each reach different regions of the
cerebellar or vestibular nuclei, which constitute the out-
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put centers of the cerebellum, it is generally believed that
this modular organization of the olivocorticonuclear pro-
jection reflects the topographical basis for the diversity of
cerebellar function (Voogd and Bigaré, 1980; van der
Steen et al., 1991). Mossy fibers, on the other hand, are
characterized by a prominent diverging pattern of termi-
nations. Collaterals of particular fibers not only terminate
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at multiple locations within the rostrocaudal plane but
also in the mediolateral direction and may even reach the
contralateral cerebellum (Ruigrok and Cella, 1995; Voogd
et al., 1996b; Wu et al., 1999; Serapide et al., 2001).

However, despite that these basic characteristics are
well known, it is still unclear to what extent the input to
a functionally homologous cerebellar region, i.e., a region
that belongs to a particular cerebellar module can collat-
eralize to other related and/or unrelated cortical areas.
Although this issue has been investigated for the climbing
fiber pathway by using electrophysiological and anatomic
techniques (Ekerot and Larson, 1982; Apps et al., 1991;
Apps, 2000), this topic cannot be properly examined with
ordinary anterograde techniques, because it usually can-
not be determined whether terminals are derived from the
same or from different neurons. Retrograde double or mul-
tiple labeling techniques also have their limitations due to
the enormous amount of possible combinations of injec-
tions, especially when small injections are required in
order to examine potential differences in zonal collateral-
ization (Payne et al., 1985; Payne, 1987; Apps et al., 1991;
Apps, 2000; Apps and Garwicz, 2000). Single fiber studies
may provide the required information on collateralization
but are very tedious (Wu et al., 1999; Sugihara et al., 2001;
Sultan, 2001). Recently, Chen and Aston Jones (1998)
showed that cholera toxin b-subunit (CTb) is an excellent
tracer to demonstrate the labeling of collaterals of climb-
ing and mossy fibers (Voogd et al., 2003). In the present
study, this bidirectional tracer technique is used to deter-
mine the distribution and the origin of the collaterals from
climbing and mossy fibers that terminate in particular
zones of the vestibulocerebellum of the rat.

The vestibulocerebellum is generally considered to con-
sist of the nodulus (lobule X) and ventral part of the uvula
(Iobule IX-C) and, as its hemispheral counterpart, the
flocculus (including the adjacent part of the ventral para-
flocculus). The flocculus is involved in adaptation of the
vestibulo-ocular reflex (Ito, 1984; De Zeeuw et al., 1998),
whereas the nodulus has been implicated in the control of
postural reflexes (Errico et al., 1996; Barmack et al.,
2002). Vestibulocerebellar Purkinje cells project to the
vestibular nuclei and, to some extent, to the ventral re-
gions of the lateral cerebellar nucleus (Bernard, 1987; De
Zeeuw et al., 1994; Wylie et al., 1994; Balaban et al.,
2000). The main climbing fiber input of the flocculus is
derived from the dorsal cap (DC) and the ventrolateral
outgrowth (VLO), two subnuclei of the inferior olive that
receive optokinetic information (Leonard et al., 1988). The
main climbing fiber input of the nodulus is provided by the
B-subnucleus of the inferior olive which is known to re-

Abbreviations
DC dorsal cap
DMCC dorsomedial cell column
LRt lateral reticular nucleus
MAO medial accessory olive
mlf medial longitudinal fascicle
MVe medial vestibular nucleus
Pn basilar pontine nuclei
PO principal olive
PrH nucleus prepositus hypoglossi
RtTg reticulotegmental nucleus of the pons
UBC unipolar brush cell
VLO ventrolateral outgrowth
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ceive direct projections from the vestibular nuclei (Gerrits
et al., 1985; Barmack et al., 1993). Mossy fibers terminat-
ing in the flocculus originate from the vestibular nuclei,
reticular formation, and the raphe nuclei, whereas the
nodulus receives vestibular root fibers and an overwhelm-
ing projection from the vestibular nuclei (Voogd, 1995).
Still, some of the sources of climbing and mossy fibers
project both to the flocculus and the nodulus. This holds
for the climbing fibers from the DC and the VLO and for
the mossy fibers of the vestibular nuclei and the nucleus
prepositus hypoglossi. Branching of these climbing and
mossy fibers between the flocculus and the nodulus has
been confirmed in rabbit with physiological and double
retrograde labeling techniques for a small proportion of
their neurons (Epema et al., 1990). However, the precise
distribution and extent of collateralization between and
within flocculus and nodulus is not clear. Moreover, it is
not known to what extent floccular and nodular afferents
may reach other cerebellar regions. Hence, in the present
study, the CTb technique was used to study the spatial
distribution of mossy and climbing fiber collaterals from
nodulus to flocculus and vice versa as well as their poten-
tial distribution to other regions of the cerebellum. In
addition, the correlation between mossy and climbing fi-
ber collateralization was investigated.

MATERIALS AND METHODS

A total of 34 male Wistar rats (weight, 200-300 g) that
all received a CTb injection (List Biological Laboratories,
Campbell, CA) into either the flocculus or nodulus were
used for this study. All surgical procedures adhered to
NIH guidelines, and permission was obtained from the
institute’s local committee overseeing animal experi-
ments.

Surgical procedures

The general procedures for injecting CTb and for reach-
ing the flocculus have been described in full in a previous
study (Ruigrok et al., 1992) and was basically also used for
reaching the nodulus. In brief, animals were anesthetized
with an intraperitoneal injection of a cocktail of thiazine-
hydrochloride (3 mg/kg) and ketamine (100 mg/kg) and
placed in a stereotactic frame according to Paxinos and
Watson (1986). Additional doses of ketamine were applied
intraperitoneally to maintain anesthesia. The squamosal
part of the occipital bone was freed of overlying skin and
neck muscles, enabling a dorsalward enlargement of the
foramen magnum. Subsequently, the atlanto-occipital
membrane and dura were opened, thus visualizing the
caudal vermis of the cerebellum.

Glass micropipettes with a tip of 10 to 15 pm, filled with
CTb (1% w/v in phosphate buffered saline, pH 7.2, 0.1 M),
were attached to a conventional electrophysiological set
up. In this way, the neuronal activity picked up by the tip
of the pipette could be used to guide the pipette and
determine the optimal injection site. The nodulus was
reached from a horizontal track running parallel to the
rostrocaudal axis of the animal. The pipettes mostly pen-
etrated lobule IX-C of the uvula and characteristic Pur-
kinje cell activity, consisting of simple and complex spikes,
was usually picked up at a depth between 1.5 and 2.5 mm,
thus corresponding with a nodular folium. The flocculus
was reached horizontally at an angle of 50-53 degrees
with the rostrocaudal axis, penetrating the midline border
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of lobule IX-B and -C, and at a depth of approximately
6.0—7.0 mm. Recording Purkinje cell activity at this par-
ticular depth was crucial in establishing that the tip of the
pipette was positioned within either the parafloccular or
floccular cortex. The tracer was injected by applying an-
odal current pulses to the pipette (4 wA: 7 seconds on, 7
seconds off for a period of 10 minutes). Afterward, the
pipette was withdrawn, muscles and skin were sutured,
and the animal was allowed to recover. In some animals,
a second injection was made with a gold-lectin tracer.
This retrograde tracer was used for double retrograde
labeling of sources of mossy and climbing fibers. However,
the results of these injections fall beyond the scope of the
present study and will not be reported upon. The gold—
lectin injections did not influence or hamper in any way
the visualization of the CTb label.

Histology

After a survival period of 5 to 7 days, all animals were
deeply anesthetized with an overdose of barbiturate (so-
dium pentobarbital: 240 mg/kg) and transcardially per-
fused with an initial flush of 500 ml of 0.9% saline,
followed by 1 liter of a solution containing 4% paraformal-
dehyde, 0.1% glutaraldehyde, and 4% sucrose. The brain
was removed and post-fixed in the perfusate for an addi-
tional 3 hours and rinsed and stored overnight in 0.05 M
phosphate buffer (pH 7.4: PB) containing 10% sucrose.
The brainstem and cerebellum were blocked and embed-
ded in gelatin (10%), which was hardened for 2—-3 hours in
formaldehyde (4%) containing 30% sucrose and then
rinsed and stored overnight in PB with 30% sucrose
(at 4°C).

Transverse sections of the gelatin blocks were cut at 40
pm on a freezing microtome and were serially collected in
eight glass vials with PB, such that each vial contained a
complete one of eight series of sections through the cere-
bellum and brainstem. Every other vial (four vials total)
was used for CTb immunocytochemistry, and the remain-
ing vials served as backup.

Sections were incubated in the vials in goat-raised anti-
CTb (1:15,000; List Biological Laboratories) in Tris-buffer
containing 0.5 M NaCl and 0.5% Triton X-100 (pH 8.6,
TBST) for 48 to 72 hours at 4°C under constant gentle
agitation. After thoroughly rinsing them in TBST, they
were further incubated for 3 hours in biotinylated donkey
anti-goat (1:2,000 in TBST; List Biological Laboratories),
rinsed in TBST, and incubated overnight in the avidin-
biotin complex (ABC Elite, Vector Laboratories, Burlin-
game, CA). After final rinses in PB, two of the vials were
processed with diaminobenzidine (DAB: 0.025% DAB and
0.005% H,0,) for 30 to 45 minutes, whereas the other two
vials were processed for 15 to 20 minutes with the same
medium but in addition containing 0.01% CoCl,, resulting
in a black rather than a brown reaction product. After
final rinses in PB, sections from each vial were serially
mounted on gelatinized slides, air-dried, lightly counter-
stained with thionine, defatted, and cover-slipped with
Permount.

Analysis

Selected cases were examined and plotted by using an
Olympus microscope fitted with a Lucivid miniature mon-
itor and Neurolucida software (MicroBrightField, Inc.,
Colchester, VT). All cerebellar sections of a single vial,
representing a complete one in eight transverse series
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(interval 320 pm) were examined for mossy and climbing
fiber labeling. Contours were plotted by using a 2.5X
objective, whereas neuronal profiles, mossy and climbing
fiber terminals were examined with a 20X objective and
using the automated scan option of the plot program (see
Fig. 2). At this magnification, mossy fiber rosettes could
usually be clearly distinguished, but in occasional cases of
doubt, a 40X objective was used to check the identity of a
labeled structure. These plots were also used to count
numbers of retrogradely labeled neurons in various pre-
cerebellar regions (Table 1). Labeling in the inferior olive
was plotted in two alternating vials resulting in a one in
four transverse series (interval, 160 pm). Photomicro-
graphs were made with a Leica DMR microscope equipped
with a digital camera (Leica DC-300). Corel Photopaint
software was used to compensate for brightness and con-
trast; photo panels were constructed by using CorelDraw.
Terminology of olivary subdivisions was adapted from
Ruigrok and Voogd (2000).

To visualize the density of labeled mossy fiber terminals
over the cerebellar cortical surface, the plotted serial sec-
tions were used to construct a flattened and more or less
continuous diagram of the cerebellar surface. This proce-
dure basically resembles that used for unfolding and flat-
tening the caudal vermis as used by Voogd and Ruigrok
(1997) but continues over all cerebellar foliations. The
continuation of the lobules is rather straightforward and
clearly shows that, in the caudal lobules (VII and VIII) of
the cerebellum, the lateral edges show deeper invagina-
tions, whereas in the anterior lobe, deeper foliations are
found in the medial regions (Fig. 4). Hence, for the ante-
rior lobe, the resulting representation of the cerebellar
cortex shows a continuous midline with discontinuous lat-
eral edges, whereas the reverse is found for the more
caudal lobules (apart from vermal lobules IX and X). The
projections of the vermal and hemispheral parts of lobule
VI are more complex and rely in part on a lateral unfold-
ing of Crus 1. Due to the expansion of its hemispheres, the
vermal region of lobule VI is also shown discontinuous.
The paraflocculus, which at some point is continuous with
the ventral part of the copula pyramidalis (lobule VIII),
and the adjacent flocculus are unfolded in lateral direc-
tion, but the resulting parafloccular/floccular projection,
for the sake of figure space, is rotated 90 degrees caudal-
ward. Hence, the flocculus, as the final hemispheral lob-
ule, is pointed in a caudal direction. This conversion was
performed manually, and rostrocaudal distances were
based on the distance between the plotted sections and
were related to the distances in the transverse plane.

Mossy fiber terminals in every folium were counted in
200-pm-wide “bins” of granule cell layer and the resulting
numbers were aligned according to the position of the
patches within the flattened and outstretched diagram of
the cerebellar cortex. No countenance was given to varia-
tions in the depth of the granular layer. In areas where it
was not possible to divide the patches with parallel lines,
the mean width of 200 um was estimated at the half depth
of the granular layer. In this way, a matrix was derived
which was visualized with Matlab routines (The Math-
Works, Inc.). In a similar way, the regions of molecular
layer overlying the patches of granule cell layer that con-
tained one or more labeled climbing fibers were indicated
and were also visualized with Matlab. The resulting plots
reflect an interpolated, color-coded representation of the
density of labeled mossy fiber terminals over the entire
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Fig. 3A) and within specific parts of the caudal half of the
inferior olivary complex (see below and Fig. 1F). More
sparsely, neurons were observed in the lateral reticular
nucleus (LRt), scattered throughout the reticular forma-
tion and within the reticulotegmental nucleus of the pons
(RtTg). An injection in the ventral paraflocculus (903) in
addition resulted in huge amounts of labeled neurons in
the basal pontine nuclei. Counts of labeled neurons (apart
from the inferior olive) are provided in Table 1. Within the
cerebellum, nodulus injections resulted in retrogradely
labeled neurons in the cerebellar nuclei (mostly the me-
dial cerebellar nucleus) and in unipolar brush cells
(UBCs) that were mostly observed within the caudal ver-
mis (Fig. 3C,D). Flocculus injections labeled many neu-
rons within the white matter of the flocculus (Fig. 3E-G)
and which may be interpreted as the rat homologue of the
basal interstitial nucleus of Langer (Langer, 1985). Both
types of injections resulted in huge quantities of granule
cells and a corresponding parallel fiber beam that, in case
of the nodulus, was usually restricted to the same trans-
verse folium plane in which the CTb injection was placed
(Fig. 1B), but in the flocculus ran in a roughly rostrocau-
dally directed beam (Fig. 3E-G). In addition, antero-
gradely labeled varicose arborizations were observed in
various places of the cerebellum and brainstem. Climbing
and mossy fibers that were labeled as the result of axon
collateral to collateral transport of CTb (Chen and Aston-
Jones, 1998), were usually present near the injection site
but also in other parts of the cerebellum. Mossy fiber
terminals could be clearly recognized as the classical ro-
settes usually grouped in patch-like regions within the
granular layer (Figs. 1D,E, Fig. 2). Characteristic climb-
ing fiber terminal arborizations were located in the mo-
lecular layer and were recognized as two thin parallel
lines of varicose fiber fragments. In the flocculus and
ventral paraflocculus, a more complete arborization of the
individual climbing fiber collaterals was noted, because
the orientation of the folia of these lobules is different from
the rest of the cerebellum (cf. Figs. 1A,C, 3B,F). Finally,
coarse fibers and varicose arborizations were observed in
several parts of the cerebellar nuclei and the vestibular
nuclei and are mostly thought to be associated with an-
terogradely labeled Purkinje cell axons and projections.

Fig. 1. Photomicrographs showing aspects of injection site and
resulting labeling in rat 837. A: The nodulus shown at a level of 640
pm caudal to the center of the injection site. Note the climbing fiber
labeling in the molecular layer (arrows) and the numerous labeled
mossy fiber rosettes (and unipolar brush cells) within the granular
layer. Also note that a higher density of labeling in the granular layer
accompanies the lateral patch of climbing fiber labeling. B: The injec-
tion site, demarcated by a white circle, is situated medially in the
right-hand side of the nodulus and mostly involves the granular layer
of the ventral half of the nodulus. Note the relative scarcity of labeling
in the dorsal half and the massive parallel fiber labeling in the
molecular layer. C: Nodular labeling 640 pm rostral to the center of
the injection site. Labeled climbing fibers are indicated by arrows.
D,E: The flocculus (F1) and ventral paraflocculus (Pfl) at the contra-
(D) and ipsilateral (E) side of the cerebellum. Note the labeled mossy
fiber rosettes around the depth of the posterolateral fissure on both
sides and the labeled climbing fibers (arrows) in E. Also note the
correspondence of mossy and climbing fiber labeling in E. F: Labeling
in the inferior olive was limited to the contralateral dorsal cap. The
B-subnucleus and group c of the medial accessory olive are also indi-
cated. Scale bars = 250 pm in A-F.
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More dispersed fine-caliber varicose arborizations were
occasionally noted and are thought to be derived as collat-
erals of labeled mossy fibers (Voogd et al., 2003).

In the remainder of this study, the distribution of the
climbing and mossy fiber collaterals will be further de-
tailed. Because the zonal olivocortical projection is consid-
ered to reflect functional entities, the CTb injections will
be characterized by their resulting retrograde labeling
within the inferior olive. Of the 34 cases, 8 were selected in
which the climbing and mossy fiber labeling were plotted
and analyzed in detail, thus allowing some concluding
remarks on the organization of the mossy and climbing
fiber collaterals to the vestibulocerebellum of the rat. The
26 remaining cases were in general concordance with
these 8 thoroughly analyzed rats.

Injections into the nodulus

The injections in rats 832 and 837 were both centered at
the ventral part of the medial nodulus, the injection in rat
832 being somewhat more restricted compared with that
in rat 837. However, in the inferior olive, retrogradely
labeled neurons were completely (832) or virtually com-
pletely (837) restricted to the DC (Figs. 1, 2, 4), indicating
that the injection most likely was confined to the DC-
innervated medial strip of the nodulus (zone N,,.,). Mossy
fibers in both cases were mostly derived from the parvi-
cellular part of the MVe and the prepositus hypoglossi
(PrH; Table 1; Fig. 8). From the plots of Figure 2 (level 9,
case 832) and the photomicrographs of Figure 1B (case
837), it can be observed that the granule cell/parallel fiber
labeling at the same transverse level of the injection site
completely obscured mossy and climbing fiber labeling
within the ventral half of the nodulus. However, within
the dorsal half of the nodulus, and in the ventral half only
several hundreds of microns more rostrally or caudally,
climbing and mossy fiber collateral labeling could be
clearly recognized (Figs. 1A,C; 2, levels 7 and 11). Note
that the mossy fiber rosettes are distributed throughout
the width of the nodulus but display a tendency to be
clustered within a central and lateral region (Fig. 2, levels
7 and 11). Mossy fiber rosettes, in addition, were found
scattered throughout the caudal vermis (lobules VI to IX)
and even more sparsely in the vermal and paravermal
regions of lobules I and II. A more conspicuous collateral-
ization was observed to reach the flocculus and ventral
paraflocculus on both sides of the brain (Figs. 1D,E, 2,
levels 13,15). Climbing fiber collaterals were noted di-
rectly in rostrocaudal association with the injection site
but also in the dorsal half of the nodulus. Climbing fiber
labeling in dorsal and ventral nodular parts was continu-
ous in the nodular apex (Fig. 2, level 7). Some isolated
climbing fibers were found in the midline vermis of vari-
ous folia of the uvula (lobule IX, Fig. 2, level 5, also see Fig.
4). A more coherent separate strip-like region of labeling
was observed at the lateral edge of the nodulus, most
prominently at its ventral half (Figs. 1A, 2, level 11) and
was taken to reflect labeling within zone N,,. In addition,
climbing fiber terminal labeling was present in a localized
region of the ipsilateral flocculus and the ventral parafloc-
culus surrounding the depth of the posterolateral fissure
(Figs. 1E, 2, level 13, 3B). Note that the region of granular
layer directly subjacent to the molecular layer containing
labeled climbing fibers also displays a high density of
mossy fiber rosettes.
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Crus |

Fig. 2. Diagram depicting cholera toxin b-subunit labeling result-
ing from the nodulus injection in rat 832. Individual plots are num-
bered consecutively from caudal (1) to rostral (21) and numbers refer
to the consecutive sections of a single vial that consisted of a complete
one of eight series of 40-pm sections. Retrogradely labeled neurons in
the brainstem (dots: one dot equals one cell), anterogradely labeled
mossy fiber rosettes (small dots: one dot equals one rosette), and
climbing fiber terminals (gray regions indicated by arrows) were plot-
ted. The injection site is visualized as a black spot in level 9. Hatching

indicates a region with massive amounts of labeled granule cells and
parallel fibers that obscured all other labeling. An open arrow in level
3 indicates labeling in the dorsal cap of the inferior olive. BF, “buried”
folium; Cop, copula pyramidis; Fl, flocculus; IO, inferior olive; LRt,
lateral reticular nucleus; LV, lateral vestibular nucleus; MV, medial
vestibular nucleus; pf, primary fissure; Pfl, paraflocculus; PM, para-
median lobule; Pn, basal pontine nuclei; RtTg, reticulotegmental nu-
cleus of the pons; SL, simple lobule.
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Fig. 3. Photomicrographs depicting aspects of labeling in rats 837
(A-D) and 836 (E-G). A: Retrograde labeling of neurons in the medial
vestibular nucleus as the result of cholera toxin b-subunit injection in
the nodulus (right-hand side, asterisk). Note that the distribution of
labeled neurons is similar at both sides of the brain. B: Detail of
labeling around the depth of the posterolateral fissure showing la-
beled climbing fibers in the molecular layer and labeled mossy fiber
rosettes in the granular layer of the flocculus (F1) and ventral para-
flocculus (Pfl). The dotted line indicates the Purkinje cell layer.
C,D: Labeled unipolar brush cells in the ventral uvula (C) and nod-

ulus (D). The arrowheads indicate the characteristic brush. E-G:
Three levels of the flocculus of rat 836. The injection site is indicated
by a white circle in F. Note the labeled climbing fibers in the molecular
layer (arrows). The parallel fiber bundle (open arrows) emanating
from the injection site runs in a roughly rostrocaudal direction and
can be seen 480 pm rostral (E) and caudal (G) of the level shown at F.
Labeled granule cells located directly subjacent to the parallel fiber
bundle are indicated by asterisks. Arrowheads in E, F, and G indicate
labeled neurons in the floccular white matter. Scale bars = 500 pm in
A; 50 pm in B; 10 pm in C,D; 100 pm in E-G.
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CLIMBING AND MOSSY FIBER COLLATERALS

Figure 4 summarizes these results by displaying the
number of plotted mossy fiber rosettes in a 200-pm-wide
strip of granular layer as a measure of density in a color-
coded map of the unfolded and outstretched cerebellar
cortex (see Materials and Methods section). In addition,
the regions of directly associated molecular layer contain-
ing labeled climbing fibers are indicated in a similar map.
Finally, plots of retrogradely labeled cells in the caudal
part of inferior olive provide information on the cortical
zone on which the CTb injection was centered. The dia-
grams of Figure 4 clearly show that the olivary labeling is
restricted to the DC and displays the highest concentra-
tion of neurons in its rostral part. In the central panel of
the diagram, two strips of climbing fiber collaterals are
indicated in the caudal vermis, one next to the midline;
the other in the lateral extremity of the lobule. The label-
ing in flocculus and paraflocculus forms a continuum lo-
cated around the depth of the posterolateral fissure. It is
noteworthy that the highest concentration of mossy fiber
rosettes in both cases is also found in the same region, but
in addition has a contralateral counterpart as can be
clearly seen in the right-hand side of the diagram panels.
Mossy fibers are furthermore distributed throughout the
nodulus and ventral folium IX-C. It is obvious that both
rat 832 (Fig. 4A) and rat 837 (Fig. 4B) essentially show
similar results, the main difference being that the injec-
tion site in rat 837 was somewhat larger compared to rat
832, which correlated well with a higher density of mossy
fiber rosettes. Hence, these two cases attest that this
method of analysis was reliable.

Figure 5 shows the summarized results of two injections
directed at more lateral aspects of the nodulus. In rat 853
(Fig. 5A) the injection was centered on the dorsal part of
the nodulus and resulted in retrograde olivary labeling
within the B-subnucleus and of a few cells in the VLO.
This injection, therefore, was confined to the intermediate
part of the nodulus (N;,,). A single cell was furthermore

Fig. 4. Summary diagrams of rats 832 (A) and 837 (B) with chol-
era toxin b-subunit injections in the medial part of the nodulus. The
left-hand panels show series of plots (interval, 160 pm) of the location
of retrogradely labeled neurons in the caudal part of the inferior olive.
Caudal is toward the bottom. Every labeled neuron is indicated by a
red dot. The middle panels show the unfolded and flattened diagram
of cerebellar cortex. The apexes of the respective lobules are indicated
by arrows and the posterolateral fissures by white lines. The injection
sites are shown as black dots in the ventral (i.e., caudal) part of the
nodulus (arrowheads). Gray lines indicate the emanating parallel
fiber bundle. Red labeling indicates 200-um-wide regions of molecular
layer that contains one or more labeled climbing fibers. The right-
hand panels show the same figurine of the cerebellar cortex but
showing the location and, in a color-coded way, the density of labeled
mossy fiber rosettes. The bars indicate the number of rosettes counted
in a 200-pm-wide bin of granular layer. The figure was devised with
Matlab using interpolation. Note that the injections in both rats were
centered on the medial part of the ventral nodulus and have similar
results with respect to (1) their resultant labeling in the inferior olive
(virtually exclusively in the rostral parts of the DC), (2) their climbing
fiber collateral labeling (three zones, two of which are found in the
medial and lateral nodulus, and one around the depth of the postero-
lateral fissure), and to (3) their mossy fiber collateral labeling. Also
compare the diagram of rat 832 with the plots of Figure 2. See text for
further details. Abbreviations used in olive plots: B, B-subnucleus;
DAO, dorsal accessory olive; DC, dorsal cap; dfDAO, dorsal fold of
DAO; DM, dorsomedial group of PO; DMCC, dorsomedial cell column;
MAO, medial accessory olive; PO, principal olive; VLO, ventrolateral
outgrowth.
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observed in the dorsomedial cell column (DMCC). Climb-
ing fiber collaterals were all found in a single zone extend-
ing from the ventral nodulus to lobules IX-C and -B and
within the depth of lobule IX-A and VIII. No climbing fiber
collaterals were found within the flocculus/paraflocculus.
Similar to the two previous cases (832 and 837), mossy
fibers originated mostly from the MVe but less promi-
nently from the PrH (Table 1; Fig. 8). Labeled mossy fiber
rosettes were mainly observed throughout the nodulus
and ventral surface of lobule IX-C, however, without any
obvious organizational pattern. Scattered terminals were
furthermore observed in the remaining parts of lobule IX
and within the vermal regions of lobules VIII, IV, III, and
II, where they were mostly located in the depth of the
lobules. A fair amount of labeled terminals was located in
lobule I and, in bilaterally symmetric locations, within the
flocculus. The injection in rat 852 (Fig. 5B) was also di-
rected at the intermediate levels of the nodulus but was
somewhat smaller and was centered on its ventral sur-
face. Within the olive, labeling was more or less equally
distributed within the B-subnucleus and the VLO. Only a
single cell was observed in the DC as was one in the
contralateral DMCC. Within the caudal vermis, the col-
lateral climbing fiber labeling was virtually identical to
that observed in rat 853. However, in addition, three
patches of labeled climbing fibers were observed in the
hemisphere. In the flocculus, climbing fiber labeling was
observed in both the caudal and rostral parts of its dorsal
surface and may be taken to reflect labeling in the FD- and
FD’-zones. A third, small patch of fibers was located in the
lateral-most aspect of crus I. Huge quantities of mossy
fibers terminals were observed in the ventral nodulus but
were found more scattered to the lateral regions of its
dorsal surface, and in lobule IX-C. Patches of labeled
rosettes were also found in corresponding regions of the
caudal part of the ipsi- and contralateral flocculus, but
with some additional patches in more rostral regions.

Injections into the flocculus/ventral
paraflocculus

Figure 6 shows the results of rats 836 and 802. Here,
both injections were centered at the dorsal surface of the
flocculus, although the injection in case 836 was located
more toward the apex of the lobule (also see Fig. 3F).
Retrograde labeling in the inferior olive was found as two
distinct patches in the DC and VLO (Fig. 6A), and, there-
fore, is consistent with the notion that the injection in-
volved at least two floccular zones. Collateral climbing
fiber labeling was observed as a more or less continuous
zone throughout the rostral-most aspect of the flocculus.
Note that the parallel fiber beam emanating from the
injection site was positioned perpendicular to the main
direction of the climbing fiber zone (also see Fig. 3E-G). A
few climbing fibers were labeled at the lateral-most aspect
of the ventral nodulus. Mossy fiber rosettes were observed
throughout the flocculus but not in the ventral parafloc-
culus. A very high density of collateral rosettes was also
located in the contralateral flocculus. Furthermore, mossy
fiber terminals were noted in the caudal vermis (in par-
ticular, within ventral lobule IX-C) and throughout ver-
mal, paravermal, and even hemispheral regions of the rest
of the cerebellar cortex, with the exception of lobule VIII,
and with a rather high density in lobule I. Terminals were
mostly observed in the depth of the fissures and showed a
symmetrical, patchy pattern at both sides of the brain.
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The injection in rat 802 (Fig. 6B) resulted in olivary
labeling that was confined to the DC, especially to its
caudal aspects. This finding would suggest that tracer
uptake was restricted to a single climbing fiber zone,
which would be the FE-zone (see Fig. 9). Climbing fiber
labeling within the flocculus had a somewhat fragmentary
character but mostly involved the transition region with
the ventral paraflocculus and the dorsal surface of the
flocculus. Several labeled climbing fibers were observed at
the lateral aspect of the ventral nodulus as well as a few
terminal fibers in the lateral part of lobule II. The distri-
bution of labeled mossy fiber rosettes was very similar to
that of rat 836, but with less involvement of the hemi-
spheres.

A single floccular VLO zone was specifically injected in
rat 798 (Fig. 7TA) as was evident from the finding that
retrogradely labeled olivary neurons were only found in
the VLO. Collateral labeling of climbing fibers was found
within a caudally and a more rostrally located floccular
band, reflecting the FD- and FD’-zones, respectively (cf.
Fig. 9). In addition, a few labeled fibers were found in the
intermediate part of the ventral nodulus and at the
lateral-most aspect of crus I. Mossy fibers, like those in
rats 836 and 802, originated from a wide variety of pre-
cerebellar sources and with a less prominent impact from
the MVe compared to the nodulus injections (Table 1; Fig.
8). High densities of mossy fiber rosettes were noted
throughout both the ipsi- and contralateral flocculus but
were not abundant in the caudal vermis. Distinctly higher
concentrations were noted in the paravermal and hemi-
spheral regions of crus I and II as well as in the vermal
depth of the primary fissure and within lobule I. As in the
earlier described cases, a bilaterally symmetrical arrange-
ment was evident throughout the left and right side of the
cerebellum.

Finally, rat 903 was chosen for reconstruction (Fig. 7B)
since its CTb injection was centered on the ventral aspect
of the paraflocculus, close to the bottom of the posterolat-
eral fissure. Labeled olivary cells were observed in the
rostral MAO, ventral leaf and bend of the PO and within
the rostral-most part of the DC. This distribution implies
that the injection site covered the C2-, D-, as well as the
parafloccular part of the FE-zone (cf. Fig. 9; Ruigrok et al.,
1992). Climbing fiber collaterals were observed in a wide
zone in most parts of the paraflocculus and as a narrow
strip at the lateral edge of lobule VIII and crus I. In the
caudal vermis, two strips of fibers were evident. One was
positioned medially (zone N, .4) and one laterally (zone
N,.o) within the nodulus. The latter zone appears to be
continuous with a similarly placed strip in lobule IX-B/C
but which is not reached by olivary neurons of the DC
(Voogd and Ruigrok, 1997). As in rat 802, a few fibers were
noted laterally within lobule II. Mossy fibers mostly orig-
inated from the basal pontine nuclei (Pn) and RtTg. How-
ever, apart from these sources a conspicuous input was
noted from especially the PrH and other nuclei known to
provide input to the vestibulocerebellum (Table 1; Fig. 8).
In correspondence with the different precerebellar label-
ing, the distribution of mossy fiber rosettes was very dif-
ferent from the three cases with injections in the flocculus.
High density labeling was found throughout the parafloc-
culus but only sparsely within the ipsilateral flocculus. In
the contralateral flocculus, rosettes were mainly confined
to the depth of the posterolateral fissure. Within the ven-
tral nodulus, two conspicuous patches with rosettes were
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observed at its lateral edges and, more sparsely, within its
medial parts. An ipsilateral zone of terminal labeling fur-
thermore was found at the lateral-most aspect of the dif-
ferent folia of lobule IX. The vermis of caudal aspects of
lobule VI and of lobule VII contained a high concentration
of labeled rosettes (mostly ipsilaterally) as well as the
lateral edges of the ipsi- and contralateral crus I. From
Figure 7B, it will be evident that the mossy fiber labeling
in lobule IX and in crus I matches exactly with the regions
of labeled climbing fibers. This aspect of climbing fiber and
mossy fiber colocalization was quite specifically illustrated
by a very small cluster of labeled mossy fiber terminals
that was found in the same position where the small patch
of labeled climbing fibers in lobule II was observed (double
arrowheads in Fig. 7B).

Conclusions

The eight selected cases confirm earlier descriptions of
the organization of the olivary projection to the rat ves-
tibulocerebellum (Ruigrok et al., 1992; Voogd et al.,
1996a). However, they also illustrate the arrangement of
climbing fiber collateral projections to the vestibulocer-
ebellum as schematically indicated in Figure 9.

The injections in rats 832 and 837 show that olivary
neurons in the more rostral parts of the DC supply the
medial zone of the nodulus and display a tendency to
collateralize to the lateral-most zone of the nodulus as
well as to the ventral paraflocculus and adjacent dorsome-
dial part of the flocculus (FE-zone). This arrangement was
verified in rat 903, with an injection centered on the ven-
tral paraflocculus and labeling climbing fibers within both
the lateral and medial zones of the nodulus. The interme-
diate zone of the nodulus is supplied by the B-subnucleus
(rat 853) and, in addition, also by the VLO (rat 852).
Because only the latter case showed labeling in the floc-
culus, it can be inferred that only the VLO neurons may
collateralize to this lobule, where their climbing fibers are
arranged in two strip-like zones. This is in full agreement
with the location of the zonal arrangement of these collat-
erals within the flocculus and with the notion that the
B-subnucleus does not provide projections to the flocculus
(Ruigrok et al., 1992). The climbing fibers originating from
the caudal part of the DC are mostly directed to the
flocculus, although it cannot be excluded that some collat-
erals may also reach the lateral-most zone of the nodulus
(rats 802 and 836). The VLO supplies climbing fibers to a
rostral (FD') and a caudally located zone (FD) in the
flocculus. Collaterals of at least some of these fibers have
been shown to reach the intermediate zone in the nodulus
(rats 852 and 798). In addition, at least some VLO neurons
supply climbing fibers to the lateral-most edge of crus I
(not shown in Fig. 9).

A systematic study on the origin of the mossy fiber
rosettes was beyond the scope of the present study; how-
ever, based on the cell counts (Table 1; Fig. 8), certain
conclusions can be made. The nodulus receives a more
prominent input from parvicellular part of the MVe com-
pared with the flocculus. Also, the PrH mostly provides
mossy fibers to the medial nodular zone (N, .4: receiving
climbing fibers from the rostral DC) and the ventral para-
flocculus (also receiving rostral DC climbing fibers). In rat,
the RtTg does not seem to distribute differently to floccu-
lus or nodulus but is rather heavily involved in projections
to the ventral paraflocculus. Finally, more sparse projec-
tions from the LRt reach the nodulus compared with the
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Fig. 8. Bar diagram of the relative distribution (indicated as the
percentage of total labeled neurons) of labeled neurons in a number of
precerebellar sources of mossy fibers. Bars are arranged from left to
right, according to case numbers presented in figure key, from top to
bottom. Note that the labeling in RtTg and Pn in rat 903 was not
reported to enable a more direct comparison of nuclei providing mossy
fibers to the vestibulocerebellum (cf. Table 1). Also note the more
widespread distribution of labeled neurons in the floccular cases com-

flocculus. Concerning the distribution of mossy fiber
collaterals, it is noted that mossy fibers that terminate
in a particular region have a propensity to provide col-
laterals to other vestibulocerebellar regions in a bilat-
erally symmetric pattern. This pattern is obviously less
well demarcated compared with the climbing fiber
zones. Indeed, at best only a tendency of enhanced col-
lateral labeling was observed in the central and lateral
aspects of the nodulus (rats 832 and 837). However,
nodular derived patches of labeling in the flocculus/
ventral paraflocculus were usually quite well demar-
cated (e.g., rats 832, 852, 853). Another more general
conclusion relates to the finding that the nodular injec-
tions resulted in mossy fiber collateral labeling that was
mostly restricted to the vestibulocerebellum. However,
floccular derived mossy fiber collaterals were distrib-
uted over more widespread areas of the cerebellar cor-
tex. Finally, and most interesting, it was frequently
observed that patches of mossy fiber rosettes were usu-
ally found in direct association to the overlying molec-
ular regions that contained collateral climbing fiber la-
beling. For example, note the distribution of climbing
fiber labeling and mossy fiber labeling in the parafloc-
culus, uvula, crus I, and lobule II of rat 903, and in the
flocculus, nodulus, and crus I of rat 798. Similarly, the
floccular climbing fiber labeling resulting from nodular
injections was clearly related to the patches of mossy
fiber collateral labeling (rats 832 and 837).

pared to the nodular cases where most labeled neurons were located
in the MVe. See text for further description. Cu, cuneate nucleus; Ecu,
external cuneate nucleus; LC, locus coeruleus; LtRt, lateral reticular
nucleus; MveV, medial vestibular nucleus, ventral part; PB, parabra-
chial nuclei; Retic. Form, reticular formation; SpVe, spinal vestibular
nucleus; SuVe, superior vestibular nucleus. For other abbreviations,
see list.

DISCUSSION
Methodologic considerations

The technique used in the present study has attractive
potential for studying collateralization in brain regions
(Chen and Aston-Jones, 1998; Voogd et al., 2003). The
possibility of collateral to collateral labeling was already
described for wheat germ agglutinin—coupled horseradish
peroxidase (Mesulam, 1982). However, the labeling by
CTb clearly surpasses that of WGA-HRP or other known
tracer substances (Chen and Aston-Jones, 1998). Never-
theless, presently, it is not clear if the CTb technique does
label all existing collaterals; for example, is a minimum
number of uptake points within the injection site neces-
sary to warrant successful labeling of all collaterals? From
inspection of the labeled structures, it is clear that, al-
though the density of labeling may vary somewhat, it is
usually never a problem to determine whether a particu-
lar mossy fiber rosette or climbing fiber is actually labeled
or not. The same conclusion can be made on the basis of
the labeling characteristics of the retrogradely labeled
cells. Vestibular as well as the olivary cells are invariably
densely labeled. This finding would suggest that a single
mossy fiber rosette or climbing fiber collateral that is
located within the injection site might be sufficient to label
both the parent neuron as well as its collaterals. It is
conspicuous that the label is mostly present within the cell
body and dendrites and within their terminal arboriza-
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cate collateralization as suggested by the present study. These con-
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areas do indeed collateralize to all related regions of the cerebellar
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tion, but only very poorly in the main axon branches. In
case of the mossy fibers, actually only the rosettes were
labeled. Thus, it was not possible to follow the routes along
which the collaterals between various regions were con-
nected (Voogd et al., 2003).

The technique used in the present study of plotting and
visualizing summarized data of mossy and climbing fiber
distributions over the entire cerebellar cortex has not been
used before and clearly has advantages, but some draw-
backs should also be mentioned. It is obvious that the
cerebellar cortex is a complex structure, consisting of nu-
merous folded lobules and folia that show indentations of
variable depths. Therefore, although the general idea is
usually clear, certain subjective judgments are invariably
necessary to connect lobules/folia of one section to the
next. Furthermore, it will be obvious that the general
shape of the resulting diagram is strongly dependent on
the angle of sectioning. Both factors will result in some
interanimal variability of the resulting diagrams. Finally,
and most importantly, to come to the quantification of
mossy fiber rosettes, the granular layer was divided in
bin-like regions of 200 nm. However, the depth of granular
layer was not taken into account. Obviously, this aspect
can vary considerably, depending on whether the section
was taken at the lobules’ top, depth, or oblique to folia-
tions. This indicates that the used color-coding does not
reflect actual concentrations of rosette labeling in a sense
of number/volume but rather provides an estimate of
these densities. However, because these limitations will
be similar in all analyzed cases, the diagrams still provide
a powerful way of evaluating and comparing the mossy
fiber concentrations in such a complex structure as the
cerebellar cortex.

Climbing fiber collateralization

The present results are in good agreement with earlier
reports showing a distinct zonal arrangement of the climb-
ing fibers to the nodulus and the flocculus and their origin
from particular subnuclei of the inferior olive (Bernard,
1987; Ruigrok et al., 1992; Voogd et al., 1996a; Voogd and
Ruigrok, 1997; Osanai et al., 1999). However, in addition,
the present experiments indicate that the separation of
the DC into a rostral and caudal part, as was suggested for
the projections to the flocculus/paraflocculus (Ruigrok et
al., 1992; Osanai et al., 1999), also can be recognized in the
projections to the nodulus. In particular, this study shows
that N, .4 does not appear to receive afferents from the
caudal-most regions of the DC. Apart from N .4, a lateral
zone (N,,,) innervated by climbing fibers originating from
the DC was also recognized by Voogd et al. (1996a), but
not by Bernard (1987). In rabbits, the DC has also been
divided into a rostral and caudal part. However, here, the
anatomical and physiological characteristics of the rostral
DC are more in line with the VLO (Leonard et al., 1988:
Tan et al., 1995). Also, although a lateral DC-zone has
been described in the rabbit the medial-most nodular zone
is innervated by the B-subnucleus and is flanked by a zone
innervated by the caudal DC. A zone innervated from the
rostral DC/VLO lies interspersed between both zones that
are supplied by the caudal DC (Tan et al., 1995; Voogd et
al., 1996a). As yet, it is not clear to what extent these
differences between rat and rabbit (1) are based on defi-
nition of regions, (2) are the result of a species difference
that reflect a different functional and/or developmental
organization, or (3) have a methodologic origin.
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The retrograde olivary labeling arising from the
floccular/parafloccular injections also confirmed the layout
of the five parallel zones in the flocculus (Ruigrok et al.,
1992; Balaban et al., 2000). In rabbit, similarly organized
zones have been shown to be involved in the control of eye
movement along specific axes (van der Steen et al., 1994).
Like the situation in the nodulus, it appears that the
definition of caudal DC/rostral DC/VLO is different for
both species (Ruigrok et al., 1992). Because no similar
studies have been published for the rat flocculus, it is
presently not known to what extent the identified rat
floccular zones reflect the same functional organization as
shown in the rabbit.

Electrophysiological and retrograde double-labeling
studies already indicated that individual olivary cells can
send collaterals to both the nodulus and flocculus (Takeda
and Maekawa, 1989a,b). Here, we confirm this notion for
the rat and include an organizational pattern of this col-
lateralization (Fig. 9). Indeed, olivary neurons in the
caudal-most part of the DC do not seem to reach the
nodulus, whereas the more rostrally located DC cells col-
lateralize to N .4 and N,,, and/or to the continuation of
the FE-zone into the ventral paraflocculus. Olivary neu-
rons in the VLO may collateralize to nodulus as well as to
the VLO zones in the flocculus. In addition, this study
provides additional evidence that some collaterals may
also reach the lateral edge of crus I.

Obviously, the present study only allows conclusions on
the occurrence of collateralization between certain zones
and does not provide an indication on the actual number of
neurons that do provide collaterals to different zones.
Also, it is not possible to indicate whether or not single
neurons can provide more than two zones with climbing
fibers, e.g., the present technique cannot distinguish be-
tween the situation where the collaterals of a subgroup of
neurons in the rostral DC provides the lateral nodular
zone with climbing fibers while another subgroup provides
the ventral paraflocculus/dorsal surface flocculus with col-
laterals with the situation where all three regions can be
supplied by the same neuron. The observation that both in
rat 837 as well as in rat 903, the rostral DC does not
appear to contain a major population of unlabeled neurons
would argue in favor of the last option. However, this
particular issue can only be positively resolved with single
anterograde or multiple retrograde tracing studies. In the
rabbit, Takeda and colleagues provided electrophysiologi-
cal and double-labeling data that suggest that, at best,
about a third of the DC neurons might reach both nodulus
and flocculus. For the VLO, that number would be approx-
imately half of that of the DC (Takeda and Maekawa,
1989a,b). These data indicate that, although collateraliza-
tion of the climbing fibers to separate but functionally
related regions does occur, the actual numbers of olivary
neurons doing so may be limited. Nevertheless, the
present material suggests that climbing fiber collateral-
ization between zones may be quite robust in specified
regions.

Mossy fiber collateralization

The present study confirms that most of the precerebel-
lar mossy fiber sources to the vestibulocerebellum are
found in the vestibular nuclei and the PrH (Voogd et al.,
1996a,b). Moreover, the nodulus/ventral uvula is inner-
vated by primary vestibular fibers. A primary vestibular
innervation of the flocculus is either absent or restricted to
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particular subdivisions of the flocculus/ventral parafloccu-
lus (Blanks et al., 1983; Gerrits et al., 1989; Osanai et al.,
1999). Additional sources for the flocculus that were ver-
ified in the present study include the LRt and neurons
located within and around the medial longitudinal fascicle
(mlf), including the paramedian tracts (Yamamoto, 1979;
Blanks et al., 1983; Gerrits et al., 1984; Akaogi et al.,
1994; Buttner-Ennever and Horn, 1996; Osanai et al.,
1999). In contrast to earlier studies (Blanks et al., 1983),
the RtTg and Pn was only found to act as a prominent
source of mossy fibers when the ventral paraflocculus was
incorporated in the injection site (rat 903). In rabbit and
primates, the secondary vestibulocerebellar fibers (Thun-
nissen et al., 1989) and the mossy fibers derived from the
nucleus PrH (Belknap and McCrea, 1988) and the adjoin-
ing reticular formation (Buttner-Ennever and Horn, 1996)
are distributed in bilaterally symmetric patterns, which
are likely to result from intracerebellar decussations (Wu
et al., 1999). CTb injections into the nodulus invariably
result in a mostly focal, injection site-dependent distribu-
tion of labeled rosettes in the ipsi- and contralateral floc-
culus. Moreover, in some experiments, there was some
evidence of a zonal distribution in the nodulus as well.
Also, sparse but usually patchy concentrations of labeled
rosettes are seen in depth of the vermis as can be seen in
case 837, where these patches are neatly aligned in the
rostrocaudal direction with the injection site. Also in cases
with injections in the flocculus, it was obvious that collat-
erals frequently collateralize to the nodulus and to the
contralateral flocculus. However, contrary to the nodulus
injections, labeled mossy fiber terminals in addition were
observed over wide regions of the cerebellar cortex, includ-
ing the hemispheres. Invariably, the bilaterally symmet-
rical character of the labeling was maintained in these
cases. Because the flocculus, compared with the nodulus,
receives a more prominent input from the LRt, mlf and
paramedian tracts, trigeminal complex, superior vestibu-
lar nucleus, and Pn, it can be hypothesized that specifi-
cally these neurons are likely candidates to supply mossy
fibers to the flocculus as well as to many other nonvestibu-
lar regions of the cerebellum. A major projection to the
flocculus arising from the RtTg, raphe nuclei, and dorso-
medial reticular formation (Blanks et al., 1983; Gerrits
and Voogd, 1986; Akaogi et al., 1994) that could underlie
the observed differences in nodular versus floccular collat-
eralization, could not be substantiated in the present
study. Alternatively, the difference in collateral involve-
ment may arise from different collateralization character-
istics of particular populations of vestibulocerebellar or
prepositus hypoglossal neurons, e.g., in rabbit, it has been
shown that vestibular neurons that project to flocculus
may have a somewhat different distribution compared to
those that innervate the nodulus (Epema et al., 1990),
although both populations consist of approximately the
same numbers and are found at both sides of the vestib-
ular nuclei.

The only exception with respect to the bilateral symme-
try of the mossy fiber collateralization was noted in case
903, where the injection was centered on the ventral para-
flocculus and where the mossy fibers were mainly distrib-
uted ipsilaterally over virtually the whole paraflocculus,
but contralaterally only to the part of the ventral para-
flocculus that was directly adjacent to the flocculus. This
finding suggests that only the mossy fibers related to the
DC-innervated part of the ventral paraflocculus send their
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collaterals to the homologous part on the contralateral
side, whereas the surrounding regions of the ventral para-
flocculus are innervated by the pontine nuclei (Osanai et
al., 1999) and collateralize only ipsilaterally. Note that
this may also relate to the region of the lateral crus I that
also contains labeled climbing fibers and where in the
same region high densities of labeled mossy fiber rosettes
were observed on both sides of the brain. The conspicuous
collateralization of mossy fibers to the vermis of lobules VI
and VII was virtually absent from nodular or floccular
CTb injections and suggests collateralization of mossy fi-
bers between the ventral paraflocculus and saccade-
related regions of the cerebellar vermis (Noda and Fu-
jikado, 1987; Godschalk et al., 1994).

An aspect that may clearly obscure the pattern of col-
lateralization of mossy fibers is found in the in- and output
characteristics of the UBCs, which have been shown to be
particularly prevalent in the uvulo-nodular lobe (Berthie
and Axelrad, 1994; Mugnaini and Floris, 1994; Dino et al.,
1999, 2000; Nunzi and Mugnaini, 2000). These cells have
been shown to terminate with intralobular mossy fiber-
like rosettes. Because many of these neurons were recog-
nized as retrogradely labeled cells in the nodulus and
ventral uvula after the nodular injections, their axonal
terminations, as well as the terminals of the UBC somata
that were located within the injection site cannot be dis-
tinguished from the mossy fiber rosettes originating in the
precerebellar centers. A way to solve this problem would
be to double label these intrinsically originating mossy
fiber rosettes with immunohistochemical techniques
against UBC-specific antigens such as calretinin and
metabotropic glutamate receptor mGluR1 (Nunzi et al.,
2002). It may be expected that in this situation, the orga-
nizational pattern of the vestibulocerebellar mossy fibers
to the nodulus may become more differentiated and, in
addition, could provide a means to study potential pat-
terning of UBC organization.

Relation between climbing and
mossy fiber patterns

One of the most intriguing findings was the virtual
constant relation between regions with climbing fiber col-
laterals and a patch of labeled mossy fiber rosettes located
directly subjacent to them. Clear examples are found in
cases 837 and 903, in the latter case even a few, appar-
ently “lost” climbing fibers were accompanied by a small
patch of mossy fiber rosettes. Obviously, mossy fiber col-
laterals can be distributed over more widespread areas
but are usually found in the same region as the climbing
fiber collaterals as well. The same conclusion was reached
in a recent study investigating mossy and climbing fiber
collateralization reaching the paramedian lobule and cop-
ula pyramidis (Voogd et al., 2003). Hallem et al. (1999)
have noted a relation between the tactile fields in the
granular layer and the overlying pattern of zebrin labeling
of Purkinje cells. Because the zebrin pattern is closely
related to the pattern of climbing fiber projection (Gravel
et al., 1987; Voogd et al., 1996a; Voogd and Ruigrok, 1997;
Voogd et al., 2003), these observations suggest that there
may be a clear spatial relationship between the receptive
fields of the mossy fibers and organization of climbing
fibers. Indeed, several physiological studies have indi-
cated that the receptive field of the mossy fibers is similar
to that of the climbing fibers in the same cerebellar corti-
cal focus (Eccles et al., 1968; Ekerot and Larson, 1980;
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Brown and Bower, 2001). Mossy fibers induce Purkinje
cell simple spike firing by means of the granule cell-
parallel fiber connection, whereas the climbing fibers in-
duce complex spike triggering of the Purkinje cells, thus
enabling a discrimination of both types of afferent activa-
tion. Despite the diverging nature of the parallel fiber, a
remarkable and rather consistent finding relates to the
observation that the simple spike receptive field in many
instances is very similar to that of the subjacently posi-
tioned mossy fibers. This has been attributed to the dom-
inant effect of the ascending segment of the granule cell
axon (Llinas, 1982; Gundappa-Sulur et al., 1999). The
observation that the receptive fields of climbing fiber re-
sponses and mossy fiber—parallel fiber responses seem to
be quite similar has led Bower and colleagues to suggest
that the classic Marr—Albus hypothesis that proposes that
the climbing fiber signal relays an error/training signal
that will alter the Purkinje cell’s simple spike response to
parallel fiber input, may need serious reconsideration
(Brown and Bower, 2001). They argue that most of the
hypotheses on cerebellar learning, and specifically those
on associative learning, require that different types of
signals are transmitted by means of the mossy and climb-
ing fiber pathways. This would seem to contradict a sys-
tematic conjunctional activation of mossy and climbing
fibers. However, in our study, although we note a clear
correspondence between climbing and mossy fiber collat-
eralization, it is obvious that the mossy fiber collaterals
cover wider cerebellar regions compared to the climbing
fibers. This finding would indicate that within a particular
focus with climbing fibers, also many unlabeled mossy
fibers must still be present with an unknown origin and,
on the other hand, labeled mossy fibers are found in re-
gions with unlabeled climbing fibers, which consequently
may have a quite different receptive field than that of the
labeled mossy fibers. Also, a recent study in decerebrate
cats indicates that the simple spike and mossy fiber re-
ceptive fields may be quite different (Ekerot and Jorntell,
2001) and, as far as the simple spike receptive field is
concerned, rather variable (Jorntell and Ekerot, 2002),
suggesting that the relation between the mossy fiber/
parallel fiber-evoked simple spikes and the climbing fiber-
evoked complex spikes may not be so straightforward.

Functional considerations

The DC and VLO are known to relay signals from the
accessory optic system to the flocculus (Leonard et al.,
1988) and are likely to be involved in adaptive control of
vestibulo- and optokinetic ocular reflexes (Nagao et al.,
1997), whereas the B-subnucleus relays vestibular signals
and is suggested to be involved in postural reflexes (Bar-
mack et al., 1993). Here, we show that DC and VLO
neurons may connect to multiple regions in either floccu-
lus or nodulus. Indeed, one single homogeneous region of
the inferior olive such as the VLO may reach as many as
four separate regions in the cerebellar cortex, i.e., an in-
termediate strip in the nodulus, two strips in the flocculus,
and the lateral edge of crus I. Although the present tech-
nique does not provide information on quantitative as-
pects of actual collateralization, it is likely that these
regions all process a similar type of olivary information.
Moreover, there is reason to assume that at least part of
the mossy fiber input to the same regions is also similar.
Presently, it is not known if, and if so how, the cerebellum
makes a functional use of these various regions. Studies in
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the rabbit using white matter stimulation of identified
floccular zones has provided some evidence that different
zones with the same climbing fiber input result in the
same type of induced eye movements (van der Steen et al.,
1994). However, Apps and Lee (1999) recently showed
that cerebellar regions that belong to the same zone and
that receive climbing fiber input from the same part of the
inferior olive (and to a limited extent also by means of
collateralizing branches; Apps, 2000)) may behave quite
differently during a behavioral task. Therefore, at this
point, it is far from clear what the rationale for the exis-
tence of multiple climbing fiber zones would be. It will be
necessary to investigate in detail to what extent these
collateralizations are typical in other cerebellar areas
(Voogd et al., 2003) and how they relate to the mossy fiber
collateralization. Most importantly, however, detailed in-
formation is required if and how these various distributed
cerebellar regions react to physiologically relevant stimuli
(e.g., Apps and Lee, 1999; Hallem et al., 1999; Brown and
Bower, 2001; Ekerot and Jorntell, 2001).
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